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It  was  shown  in  the  preceding  paper  in  this  series  that  if 
experimental  conditions  are  so chosen  as to  avoid a  decrease in  the 
amount  of  active  trypsin  either  by spontaneous  inactivation  or in- 
hibition by the products of digestion the reaction followed accurately 
the monomolecular formula.  The present experiments were planned 
to show the course of the reaction when a single disturbing factor, the 
spontaneous  inactivation  of  the  enzyme,  is  at  work.  These  condi- 
tions  can be approximated  by using  a  very concentrated  solution of 
gelatin  as substrate  and  carrying  on  the hydrolysis at 60°C., with a 
high  concentration  of  trypsin.  At  this  temperature,  the  enzyme is 
rapidly inactivated  so that  the  reaction  soon  stops.  The  inhibiting 
effect of  the  products  is  reduced  to  a  minimum  since  only  a  small 
amount  of hydrolysis occurs  and  since  a  relatively large  amount  of 
trypsin is used.  The percentage of the gelatin hydrolyzed is so small 
that  the  substrate  concentration  may  be considered  approximately 
constant. 
The basic formula for the reaction is again 
dx 
--  = K (substrate) (enzyme) (water) 
dT 
Since under these conditions the substrate does not change significantly 
the  substrate  concentration  may  be  included  with  the  water  con- 
centration in the constant so that  the formula can be written 
dx  = K (enzyme)  (l)  dT 
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Further,  since  the effect of the products on the  enzyme is small,  the 
enzyme concentration  is  decreasing  as  a  function  of  time  only.  In 
order  to  integrate  the  formula  it  is  necessary  to  know  what  this 
function is, but as a  first approximation it is possible to compare the 
average  reaction  rate  over  a  short  time  interval  with  the  average 
amount  of  enzyme present  during  this  interval.  This  procedure  is, 
of  course,  not  strictly  correct,  since  it  assumes  that  the  reaction 
velocity is constant  over the interval.  The formula for this purpose 
is 
x  ~  -  x1  C (Er, +  ET.~) 
AT  T,-- Tt  2 
in which xl is the amount of hydrolysis at time,  T1; x~ the amount at 
time, T~;ET1 the amountof the enzyme at time, TI; and E~.~ the amount 
of enzyme at time, T~.  The amount of enzyme must be determined 
by an independent  experiment. 
Experimental Procedure. 
50 cc. of ll per cent gelatin were titrated to pH 6.0 Mth NaOH (at this pH the 
action of trypsin causes no change in pH), placed in water bath at 60°C., 4 cc. of 
10 per cent trypsin (Fairchild's) added,  and the increase  in the formol titration 
followed.  2 co. samples were pipetted into 5 cc. of solution containing 3 cc. of 
40 per cent formaldehyde and titrated to match a standard solution of about pH 
8.5 N/S0 alkali,  using phenolphthalein as the indicator.  The reaction is  stopped 
by the  formaldehyde.  The  standard  used  as  the  end-point  was prepared  by 
adding 1 drop of 0.1 per cent phenolphthalein to one of the samples and  titrating 
to the maximum pink.  1 drop of 0.5 per cent phenolphthalein was added to  the 
other samples and they were then titrated to match the standard.  This procedure 
obviates all difficulty  due to differences in color, etc., and allows a very accurate 
titration  even  Mth  2¢/50 alkali.  The  total increase in  formol titration  under 
condition for the maximum action of trypsin has been found to be about 700 per 
cent. I  Since in these experiments the original titration was about 5 cc., the reac- 
tion would have continued to at least 35 cc. before the substrate had been used up. 
The maximum obtained was 2 to 3 cc. increase so that as stated above the substrate 
concentration can be considered approximately constant. 
Determination  of the Rdative Trypsin Concentration. 
1 ca. samples were plpetted into I0 ca. of cold water and the amount of trypsin 
determined by noting the  change of viscosity of a  standard gelatin solution to 
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which 0.2 cc. of this sample had been added as described by Hussey and the writer.  2 
The figures given for the amount of trypsin are the reciprocal of the time in hours 
required to cause a  10 per cent change in  the viscosity of the standard gelatin 
solution. 
The result of an experiment performed in thisway is shown in Fig. 1. 
It is evident that the trypsin is decreasing about as rapidly as the formol 
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FIO. 1.  Rate of digestion of gelatin and inactivation of the trypsin at 60°C. 
titration  figure  is  increasing.  The  relation  between  the  rate  of 
hydrolysis  and  the  enzyme  concentration  interpolated  from  the 
curves is shown in Table I.  The rate is closely proportional to  the 
enzyme concentration as the theory demands.  A drop in the constant 
is to be expected since two factors have been neglected, both of which 
affect the constant in the same way: first, the substrate concentration 
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is  not  constant,  but is  decreasing  slightly;  and  second,  the  enzyme 
concentration as determined is larger than that actually present in the 
Solution, owing to the fact that a portion of the enzyme is inactivated 
by the products of the reaction. 3  This inactivation is reversible and 
disappears  when  the  solution is diluted  as is necessarily done in the 
determination.  The  figure  obtained  is actually,  therefore,  the  total 
trypsin  present,  a  value  which  is  larger  than  the  concentration  of 
active  trypsin.  This  discrepancy  becomes  larger  as  the  reaction 
proceeds. 
It was shown previously that  the  inactivation  of trypsin by heat 
approximates  a  monomolecular reaction  3 and  that  the  discrepancies 
are due to the fact that more or less of the enzyme is combined with 
TABLE  I. 
Relation Between Rate of Reaction and Trypsin Concentration. 
ATffi 
time interval, 
T~- TI. 
0  -0.05 
0.05-0.10 
0.10-0.15 
0.15-0.20 
0.20-0.30 
0.30-0.40 
X2 -- Xl. 
0.60 
0.35 
0.25 
0.20 
0.27 
0.18 
A~ 
AT 
12 
7 
5 
4 
2.7 
1.8 
ET1 -'1- ET~ 
2  ' 
average trypsin 
for corresponding 
interval. 
2.2 
1.47 
1.15 
0.90 
0.65 
0.45 
Ax 
AT 
trypsin 
concentration. 
5.5 
4.7 
4.3 
4.5 
4.2 
4.0 
one  of  the  hydrolysis  products  and  that  this  compound  is  more 
stable than  the free enzyme.  If it is assumed that  the enzyme does 
decompose monomolecularly,  the  enzyme concentration  at  any time 
can  be expressed  as  a  function  of time  and  equation  (1)  can  be in- 
tegrated. 4  If Eo is  the  enzyme  concentration  at  the beginning,  the 
enzyme concentration at any time,  T, is Eoe -Kr in which e is the base 
Of the  natural  logarithms.  Equation  (1)  may  therefore  be  written 
~X 
--  -~  C  Eoe  -- K  T 
dT 
8  Northrop, J. H., J. Gen. Physiol., 1921-22, iv, 261. 
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which on integration becomes 
C Eo. 1  K  x=--~-(--e-  T) 
in which K  is the constant for the decomposition of trypsin. 
Further, 
when T  =  oo 
C Eo 
x  =  (2) 
K 
That is,  the total amount of hydrolysis will be directly proportional 
to  the amount of enzyme---a result which is  at  first sight  directly 
contradictory to that expected in any catalytic reaction. 
TABLE  II. 
Monomolecular Constants for Digestion and for Inactiration  of Enzyme. 
Time.  K enzyme.  K digestion. 
]~r$. 
0.02 
0.04 
0.08 
0.15 
0.30 
0.60 
5.4 
3.5 
2.5 
2.0 
2.0 
2.5 
3.0 
2.9 
2.9 
2.4 
2.3 
2.5 
CEo 
Let the value of x at the end of the reaction -- A  -- -~-, then x  ~- 
A  -Ae --nr which is the ordinary monomolecular formula and may be 
1  A 
=  K, however, is not the velocity constant  writtenK  ~  In  A-x" 
for  the  hydrolysis of  the gelatin but is  the  constant  for  the  rate 
of inactivation  of  the  enzyme, while A  is  not  the  total  substrate 
present  but  the amount  decomposed  at  the  end  of  the  reaction. 
The curves for the inactivation of the trypsin and for the hydrolysis 
of the gelatin shown in Fig. 1 should, therefore, both be approximately 
monomolecular and should both give the same value for the constant, 
K.  That this is true is shown in Table II.  The figures are as good 
as can be expected  with  the  very  short time intervals which must 
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tective  action  of  the  products  of  the  reaction  on  the  trypsin  as 
explained above.  The experiment shows  that  the  decrease in  rate 
of  the  reaction is  simply  due  to  the inactivation of the enzyme as 
was predicted from the theory and that if the enzyme could be kept 
constant also  the time curve would be  a  straight line. 
Effect of Varying the Initial Enzyme Concentration. 
It  was  noted  above  that  the  velocity of  the  reaction  depended 
solely on  the amount of enzyme present at  any time and  that  the 
constant for the reaction,  therefore, represents the constant for the 
decomposition of the enzyme.  If this is true the value of the constant 
should be independent of the concentration of enzyme, a result which 
is just the opposite of the usual catalytic reaction.  In order to  test 
this  point  the  experiment  was  repeated  with  a  series  of  different 
enzyme concentrations.  The result is  shown graphically in  Figs.  2 
and 3.  In Fig. 3 the log of the amount of hydrolysis is plotted against 
the time so that if the reaction is monomolecular the resulting curves 
should be straight lines.  If the velocity constants are the same, the 
lines should be parallel and the figure shows that this is approximately 
the case.  In Fig.  2  the actual increases in  the formol titration  are 
plotted  against  the time.  The  experiment shows  that  at  any time 
the  amount  of  hydrolysis  is  proportional  to  the  original  enzyme 
concentration, while the time required to cause a constant amount of 
hydrolysis  is  not  proportional  to  the  enzyme  concentration,  but 
decreases more rapidly than the enzyme increases.  This result ha.- 
been obtained in other instances and has been used as evidence of the 
heterogeneous  nature  of  the  reaction.  These  experiments show, 
however, that it is simply due to the fact that the enzyme is decreasing 
as a  function of time, instead of as a  function of x.  The final value 
reached is  also  proportional  to  the  original  enzyme concentration. 
This is the result predicted by equation (2) and is exactly the opposite 
of  the  result  ordinarily  obtained in  enzyme or  catalytic  reactions; 
namely,  that  the  velocity  constant  is  proportional  to  the  concen- 
tration of catalyst while the total amount of hydrolysis is independent 
of the concentration of catalyst.  In these experiments the velocity 
constant is independent of the amount of trypsin and the total amount 
of hydrolysis directly proportional to it.  If this experiment had been o 
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performed  alone  without  any  further  knowledge  of  the  action  of 
trypsin  it  wouId  undoubtedly  be  cited  as  conclusive  evidence  that 
trypsin  was  not  a  catalyst  at  all  but  that  the  reaction  was  simply 
stoichiometric.  Results similar to these in the case of catalase have 
been described  by Morgulis. 5  Morgulis'  results can be satisfactorily 
calculated on the basis of the same mechanism as has been employed 
here. 
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FI6. 3.  Hydrolysis of gelatin with increasing concentrations of trypsin. 
These  results  afford  a  simple  and  convenient  method  for  rough 
determinations of the relative amount of trypsin in a  solution.  It is 
only necessary to add  some of the solution to gelatin  at  60°C.,  and 
measure  the  total  increase  in  formol  titration.  This  figure will  be 
proportional  to  the  amount  of  enzyme taken. 
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SUMMARY. 
1.  A study has been made of the rate of hydrolysis of concentrated 
gelatin  solutions at  a  high  temperature and  with  a  large  amount 
of trypsin. 
2.  Under these conditions the substrate concentration may be con- 
sidered constant and the only variable is the decrease in the amount 
of trypsin owing to inactivation. 
3.  The  theory based  on  the mass law  predicts that under these 
conditions (a)  the rate at any time will be proportional to the con- 
centration of trypsin at that time; (b) the reaction should approximate 
a monomolecular one if the total hydrolysis observed is taken as the 
amount of substrate available; (c) that the velocity constant calculated 
in this way should agree with the constant for the decomposition of 
the enzyme and that it  should be independent of the concentration. 
of enzyme instead of proportional to it as is usually the case; and (d) 
that the total amount of substrate decomposed should be proportional 
to the amount of trypsin added at the beginning instead of independent 
of it.  These results have been obtained experimentally. 